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The members of the transforming growth factor beta (TGFβ) family of cytokines, including bonemorphogenetic
proteins (BMP), play fundamental roles in development and tissue homeostasis. Hence, aberrant TGFβ/BMP sig-
nalling is associated with several human diseases such as ﬁbrosis, bone and immune disorders, cancer progres-
sion and metastasis. Consequently, targeting TGFβ signalling for intervention potentially offers therapeutic
opportunities against these diseases. Many investigations have focussed on understanding the molecular mech-
anisms underpinning the regulation of TGFβ signalling. One of the key areas has been to investigate the regula-
tion of the protein components of the TGFβ/BMP signal transduction pathways by ubiquitylation and
deubiquitylation. In the last 15 years, extensive research has led to the discovery and characterisation of several
E3 ubiquitin ligases that inﬂuence the TGFβ pathway. However, the research on DUBs regulating the TGFβ path-
way has received prominence only recently and is still an emerging ﬁeld. This reviewwill provide a concise sum-
mary of our current understanding of how DUBs regulate TGFβ signalling.
© 2014 Published by Elsevier Inc.
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1. Introduction
The TGFβ family of cytokines comprises some40members including
the bone morphogenetic protein (BMP) and controls a plethora of
context-dependent cellular processes including proliferation,
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differentiation, extracellular matrix production, motility, survival and
fate. Abnormal TGFβ signalling is linked to themanifestation ofmultiple
human diseases, including ﬁbrosis, immune disorders and cancer [1–4].
TGFβ signalling is initiatedwhen the ligands bind to a pair of cognate re-
ceptor serine/threonine protein kinases (termed type I and type II) on
the cell surface. This triggers the phosphorylation of intracellular recep-
tor regulated SMAD transcription factors (R-SMADs) by type I receptor
kinases [5]. TGFβ ligands are divided into two subfamilies: the TGFβ
subfamily, which primarily signals through the phosphorylation of
SMADs 2 and 3, and the BMP subfamily, which signals through SMADs
1/5/8 [5] (Fig. 1). In the canonical pathway, the phosphorylated R-
SMADs interact with SMAD4 and translocate to the nucleus, where to-
gether with other co-factors they regulate the transcription of over
500 target genes [5–7]. The context-dependent transcriptional pro-
gramme driven by the TGFβ signals modulates cell behaviour [8–10].
The powerful action of TGFβ cytokines in cells and tissues is tightly
regulated. Complex biochemical mechanisms have evolved to intricate-
ly control the extent, duration and potency of signalling in response to
TGFβ cytokines. From secreted molecules that act as ligand traps
to eventual transcriptional events that provide positive or negative
feedback, complex regulatory inputs establish a dynamic ﬁne-tuning
of the TGFβ pathway [11,12]. Regulation is also achieved through the
addition or removal of post-translational modiﬁcations, such as phos-
phorylation and ubiquitylation, on core protein components of the
TGFβ signalling pathway that alters their activity or stability [13,14].
The regulatory inputs collectively shape and deﬁne the nature of cellular
responses to TGFβ/BMP signals in diverse biological processes and con-
texts. Understanding the molecular details of how TGFβ signalling is
regulated in cells could be key to unravelling new opportunities for
therapeutic intervention against diseases associated with abnormal
signalling.
Reversible ubiquitylation of key components of the TGFβ pathway,
including the type I TGFβ/BMP receptor kinases and SMADs, is known
to play a critical role in regulating the outcome of TGFβ signalling
[14–19]. Much is known about the roles of various E3 ubiquitin ligases
in regulating their stability. However, investigations into the regulation
of the TGFβ/BMP pathways by DUBs primarily constitute recent prog-
ress and are still emerging.
2. Ubiquitylation of the TGFβ/BMP pathway components
Ubiquitylation is a reversible post-translational modiﬁcation that
is essential in many cellular regulatory mechanisms [20,21]. During
the ubiquitylation cascade, ubiquitin is attached to target proteins
through the concerted actions of an E1-ubiquitin activating enzyme,
an E2-ubiquitin conjugating enzyme and an E3-ubiquitin ligase. This
cascade is initiated by the ATP dependent activation of ubiquitin by
the E1. The E1 links the C-terminal glycine residue of ubiquitin via
a thioester bond to a cysteine residue within its active site. The acti-
vated ubiquitin intermediate is then transferred to a cysteine residue
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Fig. 1. An overview of the core-components of TGFβ/BMP signalling. Ligand binding to serine/threonine receptor kinases induces TGFβ/BMP signalling and leads to quaternary complex
formation of type I and type II receptors. When in close proximity, the type II receptor kinase phosphorylates and activates the type I receptor kinase. The activated type I receptor kinase
can then phosphorylate R-SMADs at their conserved C-termini. TGFβ ligands induce the phosphorylation of SMAD2/3, whereas BMP ligands promote SMAD1/5/8 phosphorylation. Phos-
phorylated R-SMADs are then able to form a complexwith SMAD4. The R-SMAD–SMAD4 complex travels to the nucleus where TGFβ/BMP-mediated target gene transcription is initiated.
Inhibitory SMADs (SMAD6/7) are also transcribed and act in a feedback loop, as SMAD6/7 compete with R-SMADs for receptor binding and bind to E3 ligases and/or DUBs for the regu-
lation of receptor ubiquitylation.
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of the E2 enzyme. In the human genome, there are ~45 different E2
enzymes, which determine the type of the ubiquitin chain linkage
that is assembled on the substrate. The ubiquitin-loaded E2 then
pairs with speciﬁc E3-ubiquitin ligases, which facilitates the conju-
gation of C-terminal glycine of ubiquitin via an isopeptide bond to
the ε-amino group of the target lysine on the substrate protein,
which can be ubiquitin itself. More than 600 E3 ubiquitin ligases
are encoded in the human genome, and in certain cases their associ-
ated substrate adaptor proteins often recruit substrates, thereby pro-
viding speciﬁcity in the ubiquitylation process [22–26]. Target
proteins can be monoubiquitylated, multi-monoubiquitylated or by
repeated action of the E1, E2 and E3 ligases ubiquitin can be added
onto one of several lysine residues or the α-amino group of the at-
tached ubiquitin to form unique polyubiquitin chains. The nature of
ubiquitylation on the target protein deﬁnes its fate, from altered sub-
cellular localisation or activity to destruction through the protea-
some or lysosome [27–29].
The E3 ubiquitin ligases involved in the ubiquitylation of TGFβ path-
way components have been reviewed extensively [14,15,17,30–32]
(Fig. 1). However, very little is known about the E2 enzymes that are in-
volved in the ubiquitylation of TGFβ pathway components, with
UBE2L3 and UBE2O the only members implicated [33,34]. Furthermore,
the precise ubiquitylation sites on most of the TGFβ pathway compo-
nents known to be ubiquitylated have not been established at the en-
dogenous level. Other than the K48-linked ubiquitin chains that
mostly confer destructive fate on target proteins, there has been a lack
of comprehensive linkage-type analyses on polyubiquitin chains on
the TGFβ-pathway components. Similarly, whether and how these
chains are recognised by potential ubiquitin-binding proteins, that
then modulate the fate of the target protein, remain to be deﬁned.
3. Regulation of the TGFβ/BMP pathway components
by deubiquitylating enzymes
The functional consequences of ubiquitylation of the TGFβ pathway
components can be reversed by the action of deubiquitylating enzymes
that remove the ubiquitin or ubiquitin chains attached to the target
protein. Similarly, the prevention of ubiquitylation of the target proteins
through inhibition of the ubiquitylation cascade components can also
counter the effects of ubiquitylation to achieve pathway ﬁne-tuning.
In the TGFβ pathway, both deubiquitylation and prevention of
ubiquitylation of the target proteins by deubiquitylating enzymes
have been reported as mechanisms to counter the effects of
ubiquitylation. We provide a thorough overview of the current
knowledge on the roles of deubiquitylating enzymes in the regula-
tion of the TGFβ/BMP pathways.
3.1. Deubiquitylating enzymes (DUBs)
DUBs are isopeptidases that remove ubiquitin chains or individual
ubiquitin molecules attached to their target proteins. Around 100 DUBs
are encoded in the human genome [35,36], which are classiﬁed into ﬁve
distinct structural groups based on their catalytic domains: i. ubiquitin-
speciﬁc proteases (USPs); ii. ubiquitin C-terminal hydrolases (UCHs); iii.
ovarian tumour proteases (OTUs); iv. Josephins; and v. JAB1/MPN/
MOV34 metalloenzymes (JAMM/MPN+) [35,36]. Members belonging
to the UCH, USP, OTU and Josephin families are cysteine proteases,
while those that belong to JAMM/MPN+family are zincmetalloproteases
[35,36].
The limited number of DUBs encoded by the human genome in com-
parison to the number of E3 ligases implies that catalytically DUBs are
potentially promiscuous. Therefore, the substrate speciﬁcity and activity
of DUBs have to be tightly regulated in order to ensure proper ubiquitin
processing and achieve normal homeostasis in cells. One could envisage
that this is achieved through conformational/post-translational modiﬁ-
cations on the DUBs or target proteins, speciﬁc interactions with
regulatory partners or regulated sub-cellular location of the DUBs.
Indeed, enzymatic activity of DUBs can be concealed by occluding the
substrate-binding sites of certain DUBs and regulated by inducing
conformational changes that activate the catalytic site [35–40]. Apart
from their catalytic core, DUBs contain multiple domains that mediate
protein–protein interactions including ubiquitin-interacting motifs,
ubiquitin associated domains, ubiquitin binding domains or ubiquitin-
like folds and/or zinc ﬁnger ubiquitin-speciﬁc protease domains. These
domains contribute to the binding and recognition of different ubiquitin
chain linkages, although some DUBs also display direct afﬁnity for their
ubiquitylated target proteins [35–40]. Furthermore, substrates can be
ubiquitylated by different E3 ligases resulting in distinct ubiquitin
chains. Hence, DUBs also distinguish between ubiquitin-like molecules,
linear peptides, isopeptides and different types of ubiquitin linkage as
well as exo- versus endo-deubiquitylation [35–40].
The research on cellular roles and regulation of DUBs is an emerging
ﬁeld. The modes of action, physiological substrates and roles of most
DUBs are still poorly understood. The investigations of their roles in
the regulation of the TGFβ and BMP pathways have picked up pace in
the last ﬁve years and have uncovered several insightful mechanisms,
which are discussed below. A summary of all the DUBs reported so
far to regulate the components of the TGFβ and BMP pathways are
summarised in Table 1.
The USP family, which represents the most abundant group within
DUBs, is prominently reported to be involved in regulating the TGFβ
and BMP pathways, with USP4, USP11, USP15, USP18, USP9X and
CYLD all implicated. The UCH member UCH37, OTU members A20 and
OTUB1 and JAMM/JPN+member AMSH, are also reported to regulate
the TGFβ pathway.
3.2. USP4, USP11 and USP15 target type I TGFβ receptors
for deubiquitylation in the TGFβ pathway
Among the USP family of DUBs, USP4, USP11 and USP15 are highly
similar and display conserved structural domains and protein se-
quences. They harbour a conserved DUSP (domain in USPs of unknown
function) at theN-terminus and two UBLs (ubiquitin like domains), one
preceding the USP catalytic domain and onewithin [35]. Intriguingly all
three of them were independently discovered as DUBs for the type I
TGFβ receptors through contrasting approaches (Fig. 2A). A gain-of-
function screen looking for activators of TGFβ signalling identiﬁed
USP4 [41], a proteomic approach looking at interactors of SMAD7 iden-
tiﬁed USP11 [42] and a siRNA loss-of-function screening looking for
DUBs affecting the TGFβ-induced luciferase reporter activity identiﬁed
USP15 [43].
USP4 has been reported to enhance TGFβ signalling by directly
interacting with and deubiquitylating type I TGFβ receptor, ALK5
[41]. In this study, it was reported that upon phosphorylation by
Table 1
DUBs in the TGFβ/BMP signalling pathway.
DUB Mode of action
A20 Inhibits non-canonical TGFβ signalling via the TRAF6–TAK1–p38 MAPK/
JNK pathway [74].
AMSH AMSH prolongs BMP signalling by sequestering SMAD6 [67].
AMSH-
LP
AMSH-LP prolongs TGFβ signalling by sequestering SMAD7 [68].
CYLD CYLD deubiquitylates SMAD7 [52] and AKT [53].
OTUB1 OTUB1 inhibits the ubiquitylation of active pSMAD2/3 [54].
UCH37 UCH37 associates with SMAD7 and ALK5 and inﬂuences TGFβ-mediated
transcription [65,66].
USP4 USP4 deubiquitylates ALK5 [41] and TAK1 [71].
USP9X USP9X reverses monoubiquitylation of SMAD4 [48,49].
USP11 USP11 deubiquitylates ALK5 [42].
USP15 USP15 deubiquitylates ALK3 [45], ALK5 [43] and monoubiquitylated
R-SMADs [47].
USP18 USP18 deubiquitylates the TAK1–TAB1 complex [73].
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AKT, USP4 translocates to the membrane, where it associates with
ALK5, deubiquitylates it and protects it from destruction (Fig. 2A).
The AKT-mediated phosphorylation of USP4 also affects its stability
and DUB activity. Moreover, USP4 depletion inhibits TGFβ-induced
epithelial to mesenchymal transition (EMT) and AKT-induced breast
cancer cell migration [41].
USP11 was identiﬁed as an interactor of SMAD7 and ALK5. When
bound to ALK5, USP11 deubiquitylates and protects ALK5 from
proteasomal degradation resulting in enhanced TGFβ signalling.
Consequently, TGFβ-induced levels of phosphorylated SMAD2/3
and transcription were augmented (Fig. 2A). SMAD7, a transcrip-
tional target of TGFβ signals, negatively regulates the TGFβ pathway
by recruiting HECT E3 ubiquitin ligases and targeting TGFβ receptors
for ubiquitin-mediated degradation. USP11 could override the nega-
tive effects of SMAD7 on the TGFβ pathway, demonstrating that a
dynamic balance between ubiquitylation and deubiquitylation
could determine the fate of ALK5. It was shown that depletion of
USP11 resulted in inhibition of TGFβ-induced transcription as well
as EMT [42].
USP15 was reported to enhance TGFβ signalling by binding to the
SMAD7–SMURF2 complex and deubiquitylating ALK5 in the process
[43] (Fig. 2A). Moreover, USP15 ampliﬁcation was observed in glioblas-
toma, breast and ovarian cancers, which highly correlated with en-
hanced TGFβ signalling activity and poor prognostic outcomes in
individuals with glioblastoma [43]. Depletion of USP15 reduced the on-
cogenic capacity of patient-derived glioma-initiating cells through the
inhibition of TGF-β signalling, suggesting a direct role for USP15 and
TGFβ signalling in glioblastoma pathogenesis [43].
The roles of three very closely related DUBs on type I TGFβ receptors
pose interesting questions. Do these DUBs work in conjunction with
each other? Or could they act independently in the absence of others?
The evidence from published reports suggests that both possibilities
are likely. The study that identiﬁed USP4 as a DUB for ALK5 also demon-
strated that phosphorylation of USP4 on S445 triggers homomeric and
heteromeric complex formation with USP11, USP15 and USP19, sug-
gesting that these DUBs could act as a complex [41]. Similarly, a size ex-
clusion analysis showing that USP11 elutes at a very high molecular
weight fraction also suggests its existence as part of a macromolecular
complex [42]. On the other hand, a recent study suggested that TGFβ
signalling was normal in T-cells derived from USP15-knockout mice
and in A375 and HCT116 cells upon USP15 depletion [44]. Similar ex-
periments in USP4 andUSP11 knockout cells (or knockin of catalytically
inactive mutants) will be important to determine whether these DUBs
play critical roles in deubiquitylating ALK5. Collectively, it is likely that
USP4, USP11 and USP15 act either as monomeric or heteromeric com-
plexes and in the prolonged absence of one or two members, the third
one could compensate for the loss of other two. Furthermore, the cell
type or context-dependent selectivity of one of these DUBs over the
others (e.g. the AKT phosphorylation site in USP4 is not conserved in
USP11 or USP15) is a possibility and needs to be investigated further.
3.3. USP15 targets type I BMP receptors for deubiquitylation in the
BMP pathway
In addition to its regulation of type I TGFβ receptors, USP15 has been
reported to act as a deubiquitylase for type I BMP receptors. USP15 was
shown to interact with SMAD6, a negative regulator of BMP signalling
(Fig. 2B). Further characterisation of the role of USP15 in the BMP
pathway established that USP15 enhances BMP-induced phos-
phorylation of SMAD1 and transcription. It was shown that USP15
interacts with type I BMP receptors, including ALK3, co-localises
with ALK3 at the membrane and deubiquitylates ALK3, thereby
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countering the inhibition of the BMP pathway caused by SMAD6
[45]. This study further demonstrated that USP15 was critical for
BMP signalling in mammalian cells, mouse osteoblastic differentia-
tion and Xenopus embryogenesis. Interestingly, related DUBs USP4
and USP11 have been shown to have no effects on BMP signalling
[41,42,45]. A possible role for USP15 in BMP signalling was also
proposed by a genome-wide loss-of-function study of DUBs that
impact dorsoventral patterning during zebraﬁsh development
[46].
3.4. USP15 targets monoubiquitylated R-SMADs
Prior to its reported roles in deubiquitylating the type I TGFβ/BMP
receptors, USP15 was reported to interact with and deubiquitylate
monoubiquitylated R-SMADs, resulting in enhanced TGFβ and BMP sig-
nalling [47]. Monoubiquitylation of R-SMADs reportedly occurs at the
DNA-binding domain of R-SMADs, thereby preventing their association
with DNA at the promoters (Fig. 3). This report demonstrated that
USP15 was required for TGFβ and BMP responses in both mammalian
cells and Xenopus embryos [47]. Although the mechanisms by which
USP15 acts on TGFβ and BMP signalling proposed in this study differ
from those described above, the fundamental observations that USP15
enhances both TGFβ and BMP signalling are consistent with studies de-
scribed above [43,45]. As DUBs are promiscuous, it is possible that
USP15 acts by targeting multiple substrates to regulate TGFβ and BMP
signalling.
3.5. USP9X targets SMAD4 for deubiquitylation in the TGFβ pathway
A siRNA screening of DUBs identiﬁedUSP9X/FAMas aDUB that affect-
ed TGFβ-induced transcription of p21 without affecting phosphorylation
of SMAD3. Subsequently it was shown that USP9X deubiquitylates
SMAD4 that is monoubiquitylated at K519 (Fig. 3). It was shown that
monoubiquitylationof SMAD4 inhibits transcriptionby impeding its asso-
ciation with phospho-SMAD2/3. Thus, USP9X enhances TGFβ signalling
by countering SMAD4 monoubiquitylation [48]. The study further dem-
onstrated that USP9X is required for TGFβ-induced growth arrest and cel-
lularmigration. Further evidence for the role of USP9X on TGFβ signalling
comes from two recent studies in Drosophila and mouse knockout
models. In Drosophila, the absence of fat facets (USP9X homologue) in-
hibits the activity of Medea (SMAD4 homologue) below the threshold
necessary for adequate decapentaplegic (BMP homologue) signalling
due in part to excessive ubiquitylation of Medea on K738 (equivalent of
human SMAD4 K519). The study further showed that the USP9X-
mediated stabilisation of SMAD4 was critical for regulation of the zygotic
BMP2/4 (decapentaplegic) morphogen gradient that determines dorsal–
ventral axis formation [49]. Similarly, in mice when USP9X was deleted
from neural progenitors, TGFβ-dependent axon genesis was inhibited
[50]. The levels of SMAD4 ubiquitylation in USP9X-null axons were not
tested in this study [50].
3.6. CYLD modulates SMAD7 and SMAD3 levels to inhibit TGFβ signalling
CYLD is a member of the USP DUBs that selectively hydrolyses K63-
linked polyubiquitin chains [51]. Enhanced levels of regulatory T cells
(Tregs), whose development is promoted by TGFβ signalling, were ob-
served in CYLD-knockout mice. Further characterisation showed that
CYLD controls the development of Tregs by deubiquitylating SMAD7,
thereby inhibiting TGFβ signalling (Fig. 2C). CYLD was shown to target
K63-linked ubiquitylation of SMAD7 at K360 and K374, which are
ubiquitylation sites required for the activation of TAK1 and p38MAP ki-
nases. Knockdown of SMAD7 or inhibition of p38 activity in primary T
cells hindered Treg differentiation, demonstrating that TGFβ signalling
in T cells and the development of Tregs are regulated by K63-linked
ubiquitylation of SMAD7 [52]. An alternative mechanism of how TGFβ
signalling is regulated by CYLD has also been proposed, again using
R-SMAD
SMAD4
transcription
P
SMAD2/3
SMAD4
E3
E2
OTUB1
U
P
U
USP15
USP9x
U
cytosol
nucleus
degradationpr
ot
ea
so
m
e
stabilisation
SMAD4
P
SMAD2/3
SMAD4
P
SMAD2/3
Fig. 3. SMAD deubiquitylation: USP9X and USP15 reverse the monoubiquitylation of SMAD4 and R-SMADs respectively, which enables the formation of transcription factor complex and
efﬁcient transcription of TGFβ/BMP-mediated target genes. OTUB1 recognises TGFβ-activated SMAD2/3 and inhibits their ubiquitylation, thereby stabilising the complex and enhancing
TGFβ signalling.
2190 L. Herhaus, G.P. Sapkota / Cellular Signalling 26 (2014) 2186–2192
CYLD knockout mice [53]. This study proposes that CYLD inhibits TGFβ
signalling by decreasing the stability of SMAD3 via the AKT–GSK3–
CHIP pathway. CYLD deubiquitylates K63-polyubiquitylated AKT,
resulting in the inhibition of AKT. This leads to activation of
GSK3β, which promotes CHIP-mediated SMAD3 degradation,
thereby inhibiting TGFβ signalling and ﬁbrotic responses [53].
Based on this study, it would be interesting to investigate whether
USP4 function, which is also modulated by AKT as described above,
is also affected in CYLD knockout mice [41,53].
3.7. OTUB1 interacts with active SMAD2/3 and impacts TGFβ signalling
OTUB1, a member of the OTU family of DUBs, has been shown to
inhibit the ubiquitylation of only TGFβ-activated SMAD2/3 [54].
While OTUB1 cleaves K48-linked polyubiquitin chains, it has also
been shown to act in a non-canonical mode. The non-canonical
mode of action, where the catalytic activity of OTUB1 is dispensable,
relies on its interaction with ubiquitin charged-E2 and inhibition
mediated by the ubiquitin-binding motif in the N-terminus of
OTUB1 [55–62]. Binding to uncharged E2s on the other hand can in-
crease the catalytic activity of OTUB1 [63]. OTUB1 was identiﬁed as
an interactor of SMAD3 only under conditions where cells were
treated with TGFβ [54]. Further characterisation revealed that endoge-
nous OTUB1 is recruited to the active phospho-SMAD2/3 complex
only upon TGFβ induction. The phosphorylation of SMAD2/3 at the
C-terminus was necessary and sufﬁcient for the interaction with
OTUB1. It was shown that OTUB1 is critical for TGFβ-mediated gene
transcription and cellular migration. Interestingly, it was demonstrated
that OTUB1 stabilises the active SMAD2/3 complex by preventing the
ubiquitylation of phospho-SMAD2/3 through inhibition of the E2
ubiquitin-conjugating enzymes, independently of its catalytic activity
(Fig. 3). The ﬁndings from this study highlight the dynamic interplay
between phosphorylation and ubiquitylation processes in the regula-
tion of the TGFβ pathway [54].
3.8. UCH37 (UCHL5) targets ALK5 in the TGFβ pathway
TheUCH family of DUBs consists of 4members that are primarily im-
plicated in polyubiquitin chain trimming/editing [64]. One of its mem-
bers, UCH37, has been reported to deubiquitylate the type I receptor
(ALK5) and sustain early TGFβ pathway activation [65,66]. UCH37 has
its catalytic domain in the N-terminus and harbours a coiled-coil do-
main at its C-terminus [35]. It has been shown that UCH37 is directed
to ALK5 via its interaction with SMAD7. UCH37 also weakly binds to
SMAD2 and 3, however it only deubiquitylates ALK5 andhencemodiﬁes
TGFβ-induced transcription [65]. UCH37 especially inﬂuences TGFβ-
mediated transcription during the early phase of TGFβ receptor activa-
tion. UCH37 knockdown decreases transcription of TGFβ-dependent
target genes and also slows lateral cell migration [66].
3.9. The role of zinc metalloproteases AMSH and AMSH-LP in TGFβ and
BMP signalling
AMSH has been shown to interact with SMAD6 upon BMP receptor
activation [67]. It has been proposed that AMSH sequesters SMAD6,
thus impeding its inhibitory role on the BMP pathway and thereby
resulting in a prolonged BMP signalling. Similarly, AMSH-LP has been
reported to sequester SMAD7, thereby exerting a positive impact on
the TGFβ pathway (Fig. 2C) [68]. However, the roles of AMSH and
AMSH-LPDUB activity on BMP and TGFβ signallingwere not investigat-
ed at the time of their discoveries, partly because they had not been
established as DUBs at the time. AMSH and AMSH-LP have since been
reported to selectively deubiquitylate K63-ubiquitin chains [69].
3.10. DUBs implicated in the regulation of non-canonical TGFβ signalling
Most DUBs implicated in the non-canonical TGFβ pathway have fo-
cussed primarily on the TRAF6–TAK1–p38 MAPK signalling axis. While
TGFβ induced p38 MAPK activation plays an important role in immune
signalling, the role of TAK1 on TGFβ-induced p38 MAPK has recently
been questioned [70]. USP4 has been reported to deubiquitylate TAK1
[71]. It was shown that TNFα induces the association of USP4 with
TAK1 and deubiquitylation of K63-linked ubiquitin chains from TAK1,
leading to the inhibition of NF-κB production. Similarly, USP4 inhibited
IL-1β-, LPS- and TGFβ-induced NF-κB production [71].
TGFβ together with IL-6 initiates T helper 17 (Th17) cell differentia-
tion [72]. Recently, USP18 has been shown to regulate T cell activation
and Th17 cell differentiation by associating with and deubiquitylating
the TAK1–TAB1 complex, thereby restricting IL-2 expression. USP18
knockoutmicewere found to be defective in Th17 generation and resis-
tant to experimental autoimmune encephalomyelitis. The negative reg-
ulation of TAK1 activity during Th17 differentiation by USP18, led the
authors to suggest USP18 as a target to treat autoimmune diseases [73].
A20 has been shown to be recruited to TRAF6 by SMAD6 and
abolish K63-linked polyubiquitylation of TRAF6, resulting in inhi-
bition of the TRAF6–TAK1–p38 MAPK/JNK pathway. Knockdown
of the deubiquitylating enzyme A20 or its transporter SMAD6, re-
sulted in increased apoptosis, while maintaining TAK1 and p38
MAPK/JNK phosphorylation, indicating that SMAD6 and A20 are
essential for the negative regulation of non-canonical TGFβ signal-
ling [74].
4. Perspective
The past ﬁve years have seen a huge surge on research reports and
interest on DUBs regulating the BMP and TGFβ pathways. While many
DUBs purported to play essential roles on the TGFβ and BMP pathways
have been discovered, the precise molecular details of their function,
substrate selectivity and regulation in the TGFβ and BMP pathways re-
main to be deﬁned in some cases. Several DUBs are known to regulate
the deubiquitylation of TGFβ and BMP type I receptors, R-SMADs,
SMAD4 and SMAD7. For the most part, we still do not know the precise
lysine residues on which the initial ubiquitin is attached and the type of
subsequent ubiquitylation chains, if any, that are formed. Furthermore,
precisely how selective DUBs are recruited to speciﬁc targets in the
TGFβ pathway is not completely understood. Different extra-cellular
signals and post-transcriptional modiﬁcations within the DUBs or tar-
gets are likely to tweak substrate recognition and catalytic activity of
DUBs. Further research needs to focus on identifying such signals
that modify DUB activity, their subcellular localisation and their se-
lection of substrates and investigate the importance of potential in-
terplay between PTMs (such as phosphorylation or acetylation)
and ubiquitylation.
As we have discussed above, various diseases are linked to the mal-
function of the TGFβ pathway. The ﬁndings that several DUBs target
components of the TGFβ and BMP pathways for deubiquitylation to
drive normal signalling imply that DUBs could be suitable candidate tar-
gets for the development of small molecule inhibitors of the TGFβ and
BMP pathways. Selective inhibitors of these DUBs could be potentially
useful therapeutically against pathologies associated with abnormal
TGFβ and BMP signalling. Furthermore, there are recent reports that
imply certain DUBs are themselves modiﬁed or mis-expressed in can-
cers [43] thereby affecting TGFβ signalling. While research projects
aiming to develop selective inhibitors of DUBs are underway, caution
needs to be taken, as each DUBwould be predicted to target many sub-
strates beyond TGFβ/BMP signalling. A better strategy would therefore
be to understand the molecular mechanisms bywhich a DUB is recruit-
ed to its target in the TGFβ and BMP pathways. This would allow for the
development of small molecules that selectively inhibit the interaction
between the DUB and its target in the TGFβ pathway but not other
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targets. Indeed, the tail phosphorylation-dependent recruitment of
OTUB1 to SMAD2/3 is a case for which interaction determinants are
known [54].
Many studies reporting on discoveries of DUBs in the TGFβ and BMP
pathways have relied on RNAi strategies to investigate loss-of-function
impact. While RNAi strategies are useful tools, there are limitations
ranging from limited knockdowns of targets to potential off-target
effects. New and better technologies now exist that could and should
be harnessed to deﬁnitively establish the roles of selective DUBs in the
TGFβ and BMP pathways. Targeted DUB knockouts in cells (either
derived from knockout mice or using CRISPR/CAS9 technology [75,76]
to knockout genes in somatic cells) could allow for restoration of DUB
mutants lacking catalytic activity or substrate-interaction determinant.
Further issues of potential redundancy could be addressed in such sys-
tems. The next decade is sure to address the molecular mechanisms
by which DUBs regulate the TGFβ and BMP pathways.
Conﬂict of interest
The authors declare no conﬂict of interests.
Acknowledgements
We apologize to the authors whose papers we did not cite. L.H. is
supported by the Medical Research Council UK studentship. G.S. is sup-
ported by the Medical Research Council UK and the Pharmaceutical
Companies supporting the DSTT (AstraZeneca, Boehringer-Ingelheim,
GlaxoSmithKline, Merck-Serono, Pﬁzer and Johnson & Johnson).
References
[1] G.J. Inman, Curr. Opin. Genet. Dev. 21 (2011) 93–99.
[2] J. Massague, Cell 134 (2008) 215–230.
[3] Y. Drabsch, P. ten Dijke, Cancer Metastasis Rev. 31 (2012) 553–568.
[4] R.J. Akhurst, A. Hata, Nat. Rev. Drug Discov. 11 (2012) 790–811.
[5] Y. Shi, J. Massague, Cell 113 (2003) 685–700.
[6] X.H. Feng, R. Derynck, Annu. Rev. Cell Dev. Biol. 21 (2005) 659–693.
[7] A. Moustakas, C.H. Heldin, Development 136 (2009) 3699–3714.
[8] J. Massague, Nat. Rev. Mol. Cell Biol. 13 (2012) 616–630.
[9] P. Lönn, A. Morén, E. Raja, M. Dahl, A. Moustakas, Cell Res. 19 (2009) 21–35.
[10] S. Ross, C.S. Hill, Int. J. Biochem. Cell Biol. 40 (2008) 383–408.
[11] J. Massagué, R.R. Gomis, FEBS Lett. 580 (2006) 2811–2820.
[12] R. Hariharan, M.R. Pillai, Proteins Struct. Funct. Genet. Bioinform. 71 (2008)
1853–1862.
[13] D.L. Bruce, G.P. Sapkota, FEBS Lett. 586 (2012) 1897–1905.
[14] M.A. Al-Salihi, L. Herhaus, G.P. Sapkota, Open Biol. 2 (2012) 120082.
[15] M. De Boeck, P. ten Dijke, Ups. J. Med. Sci. 117 (2012) 153–165.
[16] S. Dupont, M. Inui, S.J. Newfeld, FEBS Lett. 586 (2012) 1913–1920.
[17] Y. Inoue, T. Imamura, Cancer Sci. 99 (2008) 2107–2112.
[18] L.-Y. Tang, Y.E. Zhang, Cell Biosci. 1 (2011) 43.
[19] J. Zhang, X. Zhang, F. Xie, Z. Zhang, H. Dam, L. Zhang, F. Zhou, Protein Cell (2014)
1–15.
[20] J.M. Fraile, V. Quesada, D. Rodriguez, J.M. Freije, C. Lopez-Otin, Oncogene 31 (2011)
2373–2388.
[21] L. Frappier, C.P. Verrijzer, Curr. Opin. Genet. Dev. 21 (2011) 207–213.
[22] A. Hershko, H. Heller, S. Elias, A. Ciechanover, J. Biol. Chem. 258 (1983) 8206–8214.
[23] C.M. Pickart, Annu. Rev. Biochem. 70 (2001) 503–533.
[24] Y. Ye, M. Rape, Nat. Rev. Mol. Cell Biol. 10 (2009) 755–764.
[25] M. Hochstrasser, Nature 458 (2009) 422–429.
[26] B.A. Schulman, Protein Sci. 20 (2011) 1941–1954.
[27] D. Komander, M. Rape, Annu. Rev. Biochem. 81 (2012) 203–229.
[28] C.M. Pickart, M.J. Eddins, Biochim. Biophys. Acta, Mol. Cell Res. 1695 (2004) 55–72.
[29] Y. Kulathu, D. Komander, Nat. Rev. Mol. Cell Biol. 13 (2012) 508–523.
[30] E. Glasgow, L. Mishra, Endocr. Relat. Cancer 15 (2008) 59–72.
[31] T. Imamura, Y. Oshima, A. Hikita, J. Biochem. 154 (2013) 481–489.
[32] S.M. Soond, A. Chantry, Bioessays 33 (2011) 749–758.
[33] A.A. Ogunjimi, D.J. Briant, N. Pece-Barbara, C. Le Roy, G.M. Di Guglielmo, P. Kavsak, R.K.
Rasmussen, B.T. Seet, F. Sicheri, J.L. Wrana, Mol. Cell 19 (2005) 297–308.
[34] X. Zhang, J. Zhang, A. Bauer, L. Zhang, D.W. Selinger, C.X. Lu, P. Ten Dijke, EMBO J. 32
(2013) 996–1007.
[35] D. Komander, M.J. Clague, S. Urbe, Nat. Rev. Mol. Cell Biol. 10 (2009) 550–563.
[36] S.M. Nijman, M.P. Luna-Vargas, A. Velds, T.R. Brummelkamp, A.M. Dirac, T.K. Sixma,
R. Bernards, Cell 123 (2005) 773–786.
[37] A.Y. Amerik, M. Hochstrasser, Biochim. Biophys. Acta 1695 (2004) 189–207.
[38] M.J. Clague, J.M. Coulson, S. Urbe, J. Cell Sci. 125 (2012) 277–286.
[39] E.J. Katz, M. Isasa, B. Crosas, Biochem. Soc. Trans. 38 (2010) 21–28.
[40] F.E. Reyes-Turcu, K.H. Ventii, K.D. Wilkinson, Annu. Rev. Biochem. 78 (2009)
363–397.
[41] L. Zhang, F. Zhou, Y. Drabsch, R. Gao, B.E. Snaar-Jagalska, C. Mickanin, H. Huang, K.-A.
Sheppard, J.A. Porter, C.X. Lu, P. ten Dijke, Nat. Cell Biol. 14 (2012) 717–726.
[42] M.A. Al-Salihi, L. Herhaus, T. Macartney, G.P. Sapkota, Open Biol. 2 (2012) 120063.
[43] P.J. Eichhorn, L. Rodon, A. Gonzalez-Junca, A. Dirac, M. Gili, E. Martinez-Saez, C. Aura,
I. Barba, V. Peg, A. Prat, I. Cuartas, J. Jimenez, D. Garcia-Dorado, J. Sahuquillo, R.
Bernards, J. Baselga, J. Seoane, Nat. Med. 18 (2012) 429–435.
[44] Q. Zou, J. Jin, H. Hu, H.S. Li, S. Romano, Y. Xiao, M. Nakaya, X. Zhou, X. Cheng, P. Yang,
G. Lozano, C. Zhu, S.S. Watowich, S.E. Ullrich, S.-C. Sun, Nat. Immunol. 15 (2014)
562–570.
[45] L. Herhaus, M.A. Al-Salihi, K.S. Dingwell, T.D. Cummins, L. Wasmus, J. Vogt, R. Ewan,
D. Bruce, T. Macartney, S. Weidlich, J.C. Smith, G.P. Sapkota, Open Biol. 4 (2014)
140065.
[46] W. Tse, B. Eisenhaber, S. Ho, Q. Ng, F. Eisenhaber, Y.-J. Jiang, BMC Genomics 10
(2009) 637.
[47] M. Inui, A. Manfrin, A. Mamidi, G. Martello, L. Morsut, S. Soligo, E. Enzo, S. Moro, S.
Polo, S. Dupont, M. Cordenonsi, S. Piccolo, Nat. Cell Biol. 13 (2011) 1368–1375.
[48] S. Dupont, A. Mamidi, M. Cordenonsi, M. Montagner, L. Zacchigna, M. Adorno, G.
Martello, M.J. Stinchﬁeld, S. Soligo, L. Morsut, M. Inui, S. Moro, N. Modena, F.
Argenton, S.J. Newfeld, S. Piccolo, Cell 136 (2009) 123–135.
[49] M.J. Stinchﬁeld, N.T. Takaesu, J.C. Quijano, A.M. Castillo, N. Tiusanen, O. Shimmi, E.
Enzo, S. Dupont, S. Piccolo, S.J. Newfeld, Development 139 (2012) 2721–2729.
[50] S. Stegeman, L.A. Jolly, S. Premarathne, J. Gecz, L.J. Richards, A. Mackay-Sim, S.A.
Wood, PLoS One 8 (2013) e68287.
[51] D. Komander, C.J. Lord, H. Scheel, S. Swift, K. Hofmann, A. Ashworth, D. Barford, Mol.
Cell 29 (2008) 451–464.
[52] Y. Zhao, A.M. Thornton, M.C. Kinney, C.A. Ma, J.J. Spinner, I.J. Fuss, E.M. Shevach, A.
Jain, J. Biol. Chem. 286 (2011) 40520–40530.
[53] J.H. Lim, H. Jono, K. Komatsu, C.-H. Woo, J. Lee, M. Miyata, T. Matsuno, X. Xu, Y.
Huang, W. Zhang, S.H. Park, Y.-I. Kim, Y.-D. Choi, H. Shen, K.-S. Heo, H. Xu, P.
Bourne, T. Koga, H. Xu, C. Yan, B. Wang, L.-F. Chen, X.-H. Feng, J.-D. Li, Nat. Commun.
3 (2012) 771.
[54] L. Herhaus, M. Al-Salihi, T. Macartney, S. Weidlich, G.P. Sapkota, Nat. Commun. 4
(2013) 2519.
[55] M.Y. Balakirev, S.O. Tcherniuk, M. Jaquinod, J. Chroboczek, EMBO Rep. 4 (2003)
517–522.
[56] M.J. Edelmann, A. Iphofer, M. Akutsu, M. Altun, K. di Gleria, H.B. Kramer, E. Fiebiger,
S. Dhe-Paganon, B.M. Kessler, Biochem. J. 418 (2009) 379–390.
[57] T.E. Messick, N.S. Russell, A.J. Iwata, K.L. Sarachan, R. Shiekhattar, J.R. Shanks, F.E. Reyes-
Turcu, K.D. Wilkinson, R. Marmorstein, J. Biol. Chem. 283 (2008) 11038–11049.
[58] T. Wang, L. Yin, E.M. Cooper, M.Y. Lai, S. Dickey, C.M. Pickart, D. Fushman, K.D.
Wilkinson, R.E. Cohen, C. Wolberger, J. Mol. Biol. 386 (2009) 1011–1023.
[59] Y.C. Juang,M.C. Landry, M. Sanches, V. Vittal, C.C. Leung, D.F. Ceccarelli, A.R. Mateo, J.N.
Pruneda, D.Y. Mao, R.K. Szilard, S. Orlicky,M.Munro, P.S. Brzovic, R.E. Klevit, F. Sicheri,
D. Durocher, Mol. Cell 45 (2012) 384–397.
[60] S. Nakada, I. Tai, S. Panier, A. Al-Hakim, S. Iemura, Y.C. Juang, L. O'Donnell, A.
Kumakubo, M. Munro, F. Sicheri, A.C. Gingras, T. Natsume, T. Suda, D. Durocher, Na-
ture 466 (2010) 941–946.
[61] Y. Sato, A. Yamagata, S. Goto-Ito, K. Kubota, R. Miyamoto, S. Nakada, S. Fukai, J. Biol.
Chem. 287 (2012) 25860–25868.
[62] R. Wiener, X. Zhang, T. Wang, C. Wolberger, Nature 483 (2012) 618–622.
[63] R. Wiener, A.T. DiBello, P.M. Lombardi, C.M. Guzzo, X. Zhang, M.J. Matunis, C.
Wolberger, Nat. Struct. Mol. Biol. 20 (2013) 1033–1039.
[64] M.J. Lee, B.H. Lee, J. Hanna, R.W. King, D. Finley, Mol. Cell. Proteomics 10 (2011)
(R110 003871).
[65] S.J. Wicks, K. Haros, M. Maillard, L. Song, R.E. Cohen, Dijke Pt, A. Chantry, Oncogene
24 (2005) 8080–8084.
[66] A.J. Cutts, S.M. Soond, S. Powell, A. Chantry, Int. J. Biochem. Cell Biol. 43 (2011)
604–612.
[67] F. Itoh, H. Asao, K. Sugamura, C.H. Heldin, P. ten Dijke, S. Itoh, EMBO J. 20 (2001)
4132–4142.
[68] N. Ibarrola, I. Kratchmarova, D. Nakajima, W. Schiemann, A. Moustakas, A. Pandey,
M. Mann, BMC Cell Biol. 5 (2004) 2.
[69] Y. Sato, A. Yoshikawa, A. Yamagata, H. Mimura, M. Yamashita, K. Ookata, O. Nureki,
K. Iwai, M. Komada, S. Fukai, Nature 455 (2008) 358–362.
[70] G.P. Sapkota, Open Biol. 3 (2013) 130067.
[71] Y.H. Fan, Y. Yu, R.F. Mao, X.J. Tan, G.F. Xu, H. Zhang, X.B. Lu, S.B. Fu, J. Yang, Cell Death
Differ. 18 (2011) 1547–1560.
[72] E. Bettelli, Y. Carrier, W. Gao, T. Korn, T.B. Strom, M. Oukka, H.L. Weiner, V.K.
Kuchroo, Nature 441 (2006) 235–238.
[73] X. Liu, H. Li, B. Zhong, M. Blonska, S. Gorjestani, M. Yan, Q. Tian, D.-E. Zhang, X. Lin, C.
Dong, J. Exp. Med. 210 (2013) 1575–1590.
[74] S.M. Jung, J.-H. Lee, J. Park, Y.S. Oh, S.K. Lee, J.S. Park, Y.S. Lee, J.H. Kim, J.Y. Lee, Y.-S.
Bae, S.-H. Koo, S.-J. Kim, S.H. Park, Nat. Commun. 4 (2013) 2562.
[75] L. Cong, F.A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P.D. Hsu, X. Wu, W. Jiang, L.A.
Marrafﬁni, F. Zhang, Science 339 (2013) 819–823.
[76] P. Mali, L. Yang, K.M. Esvelt, J. Aach, M. Guell, J.E. DiCarlo, J.E. Norville, G.M. Church,
Science 339 (2013) 823–826.
2192 L. Herhaus, G.P. Sapkota / Cellular Signalling 26 (2014) 2186–2192
